Introduction {#sec1}
============

In developing countries, botanical dietary supplements and traditional medicines are often the primary sources of health care for disease prevention and treatment.^[@ref1],[@ref2]^ In the United States where 20% of adults report using botanical dietary supplements^[@ref3]^ and to a smaller extent in Europe, these products are used primarily for health maintenance. In 2010, the worldwide market for botanical dietary supplements was reported to be \$33 billion.^[@ref4]^ Since enactment of the United States Dietary Supplement and Health Education Act of 1994, which exempted dietary supplements from regulation as drugs or foods, the use of these products has grown steadily in the United States,^[@ref5]^ reaching over \$6 billion USD in 2013.^[@ref6]^

Although worldwide use of botanical dietary supplements increased steadily during the past 2 decades, regulation varies considerably^[@ref7]^ but in most markets requires at least botanical authentication and quality control. In the United States, botanical dietary supplements do not require proof of efficacy and do not require premarketing approval by the U.S. Food and Drug Administration (FDA), unless druglike efficacy is claimed. Furthermore, the safety of botanical dietary supplements remains the responsibility of the manufacturer, and safety assurance is limited to postmarketing surveillance for adverse effects. In Europe, botanical dietary supplements are regulated either as drugs or as food supplements. If therapeutic claims are made, then the European Union requires evidence of safety and efficacy for botanical dietary supplements, unless they are mixtures of botanicals with a long history of human use, in which case they are termed "traditional herbal medicinal products" and are subject only to safety and quality requirements as in the United States.^[@ref8]^ However, when botanical dietary supplements are marketed for health maintenance or promotion, then the EU regulates them as food supplements, and evidence of efficacy must be provided if health claims are made.^[@ref9]^

In response to concerns regarding botanical integrity and quality assurance,^[@ref10]^ the U.S. FDA recently instituted the requirement that botanical dietary supplements under its jurisdiction be prepared using good manufacturing practice (GMP).^[@ref11]^ These guidelines complement the advertising and labeling regulations required by the U.S. Federal Trade Commission^[@ref12]^ and are similar to those in effect in the EU. Enforcement of these regulations is helping to ensure that consumers are able to purchase accurately labeled botanical dietary supplements that are not contaminated with heavy metals, pesticides, herbicides, or microbes. However, these regulations do not require testing of botanical dietary supplements for potential adverse interactions with prescription medicines nor do they require evidence of efficacy.

Consumers of botanical dietary supplements expect a consistent and safe product, and current labeling guidelines and GMP requirements in major markets are helping to achieve these objectives. However, safety issues such as possible drug--botanical interactions remain unaddressed for most botanicals, and few rigorously designed clinical trials have shown efficacy. Since being established in 1999, the UIC Botanical Center for Dietary Supplements Research has promoted a set of best practices for the reproducible production and evaluation of the safety and efficacy of botanical dietary supplements ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In this review, an updated version of these best practices is described that may be followed stepwise to ensure, first of all, that research on botanical dietary supplements is scientifically sound and reproducible and, second, that a botanical dietary supplement can be produced that has defined safety and efficacy.

![Steps for the development, evaluation, and production of safe, reproducible, and effective botanical dietary supplements.](jm-2015-00417j_0001){#fig1}

Step 1. Critically Evaluate the Scientific and Ethnomedical Literature Related to the Botanicals or Natural Products To Be Studied {#sec1.1}
==================================================================================================================================

The scientific and ethnobotanical literature such as PubMed, NAPRALERT, etc., should be searched to determine the history of human use of a particular botanical and what is known about its safety, efficacy, and active constituents ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, step 1). The specific parts of the plants that have a history of human use should be ascertained, as human experience might indicate better efficacy and/or lower toxicity for certain parts such as fruits, roots, or leaves. For example, soybeans (*Glycine max*) are used instead of roots, stems, or leaves in soy-based dietary supplements as well as in foods, and roots of licorice species such as *Glycyrrhiza glabra* are used instead of the aerial portions of the plant. Another example is the tomato (*Solanum lycopersicum* L.) from which the ripe fruit is used to prepare lycopene-rich dietary supplements, but the leaves or even the unripe fruits contain toxic alkaloids such as dehydrotomatine and α-tomatine.^[@ref13]^

Step 2. Acquire and Authenticate Natural Product Material Using Good Agricultural and Good Collection Practices {#sec1.2}
===============================================================================================================

Good collection practice for wild crafted botanicals will ensure sustainability, and good agricultural practice for cultivated botanicals will reduce the risks of contamination by pesticides, heavy metals, infectious agents, etc. As part of these practices, all plants used for the production of dietary supplements should be botanically authenticated to avoid misidentification. The scientific and clinical literature concerning botanical dietary supplements, especially clinical case reports, is sometimes missing the sources of the materials under study and often lacks evidence of species authentication. Without such information, these studies cannot be reproduced and validated. This step follows both the NIH National Center for Complementary and Integrative Health guidelines for ensuring a safe, authenticated botanical as prescribed in the "NCCIH Policy: Natural Product Integrity",^[@ref14]^ the World Health Organization's guidelines for assessing quality of herbals^[@ref15]^ and the U.S. FDA requirement that all botanical dietary supplements used by consumers must be manufactured using GMP ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, step 6) which includes botanical authentication.

Using microscopic, macroscopic, and/or neuroleptic methods, a botanist should determine the genus and species of raw plant materials, and comparison with voucher specimens is highly recommended. Such examination will ensure that the appropriate species and part of the plant have been obtained. Suppliers of botanical materials sometimes inadvertently ship the wrong part of the plant or misidentify the species being provided. Other identification approaches may be used such as DNA bar coding and chemical fingerprinting. DNA analysis using RAPD (randomly amplified polymorphic DNA), RFLP, ARMS, CAPS, AFLP, DAF, ISSR, SSR, sequencing, hybridization, and microarrays can be helpful, especially when the raw botanicals have been chopped, blended, or powdered.^[@ref16],[@ref17]^ Chemical analyses using techniques such as GC--MS,^[@ref18]^ high performance thin layer chromatography,^[@ref19]^ NMR,^[@ref20]^ immunoassay,^[@ref21]^ MALDI MS,^[@ref22]^ UHPLC--UV,^[@ref23]^ and HPLC--MS^[@ref24],[@ref25]^ provide independent botanical "fingerprinting" through characterization of plant secondary metabolites. Comparison of this chemical profile with reference standards may be used for quality assurance and botanical identification. When DNA has been removed through extraction, enzymatic, or chemical hydrolysis or if degradation has occurred during processing such as sterilization, chemical fingerprinting alone can still be used for botanical identification and authentication.^[@ref26]^ An example of chemical fingerprinting and authentication of two licorice species using UHPLC--MS/MS is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

Misidentification of the botanical species not only compromises subsequent scientific investigation but can have tragic results, as was the case of a botanical dietary supplement preparation sold for weight loss in Belgium in 1991. In that case, *Stephania tetranda* was accidentally replaced by *Aristolochia fanchi* apparently because of similarities in the Chinese common names,^[@ref27]^ and \>100 young women developed nephropathy and some suffered renal and urinary tract cancers.^[@ref28]^ Aristolochic acid in *A. fanchi* can cause nephropathy at daily exposures of only a few μg/kg.^[@ref29]^ In another example, two women suffered atrioventricular block after ingesting botanical dietary supplements of the same brand name and lot number. Immunoassay of serum samples detected digitalis and a botanical dietary supplement used by both subjects containing 14 herbal ingredients tested positive for cardiac glycosides. Subsequent testing of the ingredients used to prepare the supplement using LC--MS determined that the botanical constituent labeled as "plantain" was actually *Digitalis lanata* based on the identification the cardiac glycosides lanatoside A and lanatoside C.^[@ref30]^

![UHPLC--MS/MS chemical characterization of two licorice species. By comparison of the UHPLC--MS/MS profiles of (A) a mixture of 13 standards representing characteristic licorice secondary metabolites with extracts of two licorice species, the botanical species were distinguished and uniquely identified as (B) *Glycyrrhiza glabra* and (C) *G. inflata.* Whereas all of the detected compounds indicate the genus as *Glycyrrhiza*, glabridin (9) and licochalcone A (12) distinguish the species and *G. glabra* and *G. inflata*, respectively. Key: 1, liquiritin; 2, isoliquiritin; 3, liquiritin apioside; 4, isoliquiritin apioside; 5, licuraside; 6, liquiritigenin; 7, isoliquiritigenin; 8, glycyrrhizin; 9, glabridin; 10, licochalcone A; 11, 2-(4-hydroxybenzyl)malonic acid.](jm-2015-00417j_0002){#fig2}

Among the requirements of EU and United States regulators and others is botanical authenticity. However, the producers of botanical dietary supplements have considerable flexibility regarding how to characterize and identify the botanical species used in their products. Nevertheless, lack of evidence of botanical authenticity is one of the most common violations cited during regulatory inspections.^[@ref31]^

Assuming that all processed botanicals in finished dietary supplements contain intact botanical DNA, the Attorney General of the State of New York in February 2015 ordered four large distributors of botanical dietary supplements^[@ref32]^ and then several manufacturers of these products^[@ref33]^ to stop selling several saw palmetto, St. John's wort, garlic, ginseng, and *Echinacea* products after DNA bar code testing failed to indicate the expected botanical species. One of the limitations of the testing carried out in this case is that processed botanicals such as those prepared by using solvent extraction, pasteurization, or even hydrolysis might not contain intact DNA or even large fragments of DNA. To put this in perspective, DNA bar coding was used to test soy sauce for evidence of genetically modified soybeans,^[@ref34]^ but no soybean DNA of any kind could be detected. There are testing approaches available that complement DNA bar coding such as chemical fingerprinting ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) that may be used to establish botanical authenticity of even processed botanical dietary supplements or foods.

Step 3. Determine Mechanisms of Action and Identify Active Compounds {#sec1.3}
====================================================================

Appropriate bioassays should be utilized to determine mechanisms of action and to identify active chemical constituents. The bioassays should include evaluation of possible synergy between botanical constituents as well as the determination of potential toxic effects and any toxic botanical constituents. Antagonism as well as synergy of pharmacological targets for active compounds should be evaluated for the expected targets as well as for selected receptors/targets that might be responsible for side effects. For example, emerging transcriptomics, metabolomics, and proteomics assays should eventually be useful in identifying unanticipated effects and targets of active natural products contained in botanical dietary supplements.

Identification of active compounds is necessary prior to the chemical standardization of a complex natural product mixture, and mechanisms of action should be determined for biological standardization ([step 4](#sec1.4){ref-type="other"}). Bioassay-guided fractionation^[@ref35]^ or higher-throughput types of assays such as pulsed ultrafiltration LC--MS (PUF-MS)^[@ref36]^ or magnetic bead affinity mass spectrometry-based screening^[@ref37]^ may be used to identify the active compounds that function by a specific mechanism of action within natural product mixtures. The most popular approach to the identification of active natural products is bioassay-guided fractionation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). During this process, natural product extracts are screened using a variety of bioassays, and if an extract produces a positive response in a particular assay, then the extract is fractionated using chromatography, and each fraction is tested using the same assay for activity. The active fraction is fractionated again, and the process is repeated until a single compound is isolated for spectroscopic characterization and identification.

As higher-throughput alternatives to bioassay-guided fractionation, mass spectrometry-based screening assays have been developed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) such as PUF-MS^[@ref36]^ and magnetic bead affinity screening mass spectrometry^[@ref37]^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). MS-based screening eliminates the laborious process of bioassay-guided fractionation by using an affinity extraction with immediate characterization of the active compounds within a complex botanical extract. High resolution accurate mass measurements provide elemental compositions of ligands to receptors or enzymes, and product ion tandem mass spectra provide structural information. Because PUF-MS and magnetic bead affinity MS screening involve HPLC or UHPLC separation, the chromatographic retention times of the active species are known and may be used to guide the their isolation for additional structural determination such as NMR. As an example, the process of magnetic bead MS-based screening is summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![To identify active compounds in complex mixtures of natural products, the reiterative process of bioassay-guided fractionation is typically used. Alternatively, mass spectrometry-guided approaches such as PUF-MS or magnetic bead MS screening may be used to expedite this process.](jm-2015-00417j_0003){#fig3}

![Magnetic bead LC--MS screening for the identification of ligands to a receptor (R). Magnetic beads containing (A) immobilized receptor or (B) no receptor (control) are incubated with a botanical extract. Application of a magnetic field to the particles facilitates the rapid separation of unbound compounds in the extract from the ligands bound to the immobilized receptor. Finally, the ligands are released from the receptor using organic solvent and characterized using LC--MS.](jm-2015-00417j_0004){#fig4}

Step 4. Chemical and Biological Standardization {#sec1.4}
===============================================

To ensure a reproducible product for clinical trials as well as for consumers, botanical dietary supplements should be standardized chemically based on active compounds and standardized biologically through testing using the appropriate bioassays.^[@ref38]^ If the active constituents are as yet unknown, then marker compounds that are representative of the botanical species in the supplement may be used as surrogates during chemical standardization. Chemical standardization usually utilizes chromatography, such as HPLC--UV, HPLC--evaporative light scattering detection, or (U)HPLC--MS/MS to measure levels of active compounds and any marker compounds that might be helpful for the preparation of a reproducible product.

To complement chemical standardization, biological standardization using specific in vitro and in vivo bioassays ensure that the dietary supplement will have reproducible pharmacological and physiological activities. Biological standardization may involve in vitro testing such as enzyme assays, receptor binding assays, cell-based gene expression assays, or in vivo assays such as the use of laboratory animal models. Together, these chemical and biological standardization assays help ensure the reproducibility of the dietary supplements by other laboratories for research purposes as well as enabling the production of reproducible products for consumers.

As an example, Krause et al.^[@ref39]^ reported a model approach for chemical and biological standardization of a hop (*Humulus lupulus* L.) dietary supplement under investigation as an estrogenic alternative to conventional hormone therapy for menopausal women. In this case, the prenylated phenols xanthohumol, isoxanthohumol, 6-prenylnaringenin, and 8-prenylnaringenin were identified as active constituents and then used for chemical standardization using LC--MS/MS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), while cell-based bioassays of chemoprevention and estrogenicity were used for biological standardization.

![LC--MS/MS (reversed phase HPLC interfaced with electrospray and tandem mass spectrometry with selected reaction monitoring, SRM) measurement of prenylated phenols during the chemical standardization of a hop dietary supplement. On the basis of an external standard curve with normalization to an internal standard (8-isopentylnaringenin), levels of isoxanthohumol (IX), 8-prenylnaringenin (8-PN), 6-prenylnaringenin (6-PN), and xanthohumol (XN) were determined. Reproduced with permission from Biomedical Chromatography (KrauseE.; YuanY.; HajirahimkhanA.; DongH.; DietzB. M.; NikolicD.; PauliG. F.; BoltonJ. L.; van BreemenR. B.Biological and Chemical Standardization of a Hop *(Humulus lupulus*) Botanical Dietary Supplement), Vol. 28, pp 729--734.^[@ref39]^ Copyright 2014 John Wiley and Sons.24861737](jm-2015-00417j_0005){#fig5}

As another example, Piersen et al.^[@ref40]^ standardized an extract of the aerial parts of red clover (*Trifolium pratense* L.) chemically to estrogenic and proestrogenic isoflavones consisting of deconjugated daidzein, genistein, formononetin, and biochanin A. Biological standardization was carried out based on estrogenic activity using cell-free estrogen receptor-α and estrogen receptor-β assays and in Ishikawa and S30 cell-based assays as well as in vivo assays using an ovariectomized rat model. The standardized extract was then used in phase I^[@ref40]^ and phase II^[@ref41]^ clinical trials to evaluate the safety and potential efficacy of red clover in the prevention of symptoms such as hot flashes in menopausal women.

The US Pharmacopeial Convention (USP) has, since its inception in 1820, provided guidance on standardization of botanical dietary supplements.^[@ref42]^ USP monographs on many botanicals are available that include procedures for standardization. USP Dietary Supplement Reference Standards are available to facilitate standardization as well as botanical authentication. The AOAC International also provides guidance on botanical identification and chemical standardization of botanical dietary supplements.^[@ref43]^ Official AOAC International methods for botanical standardization are published in the *Journal of the AOAC International*, and analytical methods for the authentication and standardization of botanical dietary supplements appear in a variety of other analytical and natural products journals on a regular basis. As new active compounds are identified in botanical dietary supplements, they should be included in updated chemical standardization methods. As with assays for chemical standardization, the development of new or improved bioassays for biological standardization will continue to be an ongoing process.

Step 5. Absorption, Metabolism, and Bioavailability of Active Compounds {#sec1.5}
=======================================================================

Active compounds and other significant natural products in a dietary supplement should be investigated for absorption and metabolism. Bioavailability, which includes contributions from absorption, intestinal metabolism, and hepatic first pass metabolism, is an important but often overlooked determinant of efficacy of botanical dietary supplements. Only those compounds that cross the intestinal epithelium are likely to produce systemic effects, and lack of absorption might explain why many clinical trials of botanical dietary supplements as well as isolated natural products have shown no pharmacological effects in spite of in vitro studies suggesting otherwise.

For example, in vitro assays have suggested hepatoprotective and antioxidant activity for flavolignans such as silybins A and B in milk thistle (*Silybum marianum*) dietary supplements. However, phase I clinical trials of milk thistle have shown that the bioavailability of each of these compounds is \<0.5%^[@ref44]^ and that the half-life is short (\<2 h) because of rapid phase II conjugation.^[@ref45]^ These values suggest that dietary supplements containing milk thistle should have weak and short-acting benefits. In contrast, hop dietary supplements containing prenylated phenols like xanthohumol (a chemoprevention agent) and 8-prenylnaringenin (a botanical estrogen) have half-lives of ∼20 h indicating the possibility of extended activity before excretion as phase II conjugates.^[@ref46],[@ref47]^

The poor bioavailabilities of milk thistle flavolignans resulting from poor absorption and rapid phase II conjugation could have been predicted prior to clinical studies using in vitro assays such as the Caco-2 cell monolayer model of intestinal permeability and transport or in vivo animal models. For example, the Caco-2 model was used to study the hop prenylated phenols and correctly predicted rapid absorption as well as phase II conjugation.^[@ref48]^ The Caco-2 cell monolayer model of intestinal permeability and transport is a standard approach to predict intestinal absorption of drugs and drug candidates that shows good correlation with human drug absorption.^[@ref49],[@ref50]^

Not only useful for testing drugs and isolated natural products, the Caco-2 cell model may be used in combination with LC--MS for the simultaneous measurement of intestinal permeabilities of multiple natural products in complex extracts. For example, Caco-2 permeability studies of an extract of black cohosh (*Actea racemosa*) predicted that the characteristic triterpene glycosides would be absorbed slowly, whereas the caffeic acid derivatives should have minimal absorption. Subsequent phase I and phase II clinical studies confirmed the moderate to low bioavailability of triterpene glycosides from black cohosh such as 23-epi-26-deoxyactein^[@ref51]^ while finding no oral bioavailability of the caffeic acids.^[@ref52]^ Metabolism of natural products, especially phase II conjugation reactions such as sulfation and glucuronidation that often occur in the intestine during absorption, can also be investigated using Caco-2 cell monolayers. For example, the stilbene resveratrol, which occurs in grapes, peanuts, cranberries, blueberries, and bilberries,^[@ref53]^ is metabolized primarily to phase II sulfate and glucuronic acid conjugates, and this process begins in the intestine as indicated by studies with Caco-2 cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref54]^

![Resveratrol phase II metabolism by human Caco-2 cells^[@ref54]^ or human hepatocytes.^[@ref55]^](jm-2015-00417j_0006){#fig6}

Metabolism of natural products usually results in the formation of polar metabolites that are pharmacologically less active and can be more rapidly excreted into bile or urine. Less frequently, metabolism can produce compounds that are more active than their precursors. As with preclinical studies of drug metabolism, human and rat liver microsomes and human hepatocytes are ideal for the investigation of phase I and phase II hepatic metabolism of natural products from dietary supplements. In vivo animal studies may be used to test these in vitro predictions prior to clinical studies. Because of sensitivity, selectivity, and speed, LC--MS/MS and UHPLC--MS/MS have become central to all aspects of preclinical and clinical studies of drug metabolism. This is also the case for metabolism of natural products in botanical dietary supplements. As an example, the phase I and phase II metabolites of the natural product and chemoprevention agent resveratrol were determined using human liver microsomes and human hepatocytes using LC--MS/MS ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref55]^ Although no phase I metabolites were detected, phase II glucuronic acid conjugates were formed using hepatocytes, which complemented the sulfate conjugates formed using the intestinal Caco-2 cells.^[@ref54]^ Resveratrol glucuronides and sulfates have subsequently been identified in human serum and urine, indicating absorption after oral administration followed by rapid phase II conjugation and elimination.^[@ref56]^

Identifying the enzymes responsible for metabolic transformation of natural products contained in botanical dietary supplements is important, as they might be inhibited or induced through this interaction (see enzyme inhibition and induction, [step 6](#sec1.6){ref-type="other"}). Consequently, the metabolic transformation, serum levels, and bioavailability of some therapeutic agents might become altered. Recombinant enzymes are a useful tool for determining enzymes that are involved in specific metabolic transformations. For example, recombinant human cytochromes P450 were used to identify the enzymes responsible for the formation of the major phase I metabolites of the licorice compound isoliquiritigenin,^[@ref57]^ and recombinant human UDP-glucuronyltransferases were used to identify the enzymes catalyzing formation of three phase II glucuronides of this natural chemoprevention agent.^[@ref58],[@ref59]^ Alternatively, human liver microsomes may be used with monoclonal antibody inhibitors of cytochrome P450 phase I enzymes to identify those that form phase I metabolites of natural products. Originally developed by Harry Gelboin at the National Institutes of Health,^[@ref60]^ these monoclonal antibodies are now available from commercial sources. As an example, the monoclonal antibody inhibitor approach was used to identify cytochrome P450 enzymes involved in the metabolism of the hop prenylated flavonoids isoxanthohumol and 8-prenylnaringenin.^[@ref61]^

Prior to absorption of orally administered natural products contained in botanical dietary supplements, gastrointestinal tract microbiota can metabolize them. These microbial metabolites might be identical or different from those formed by human enzymes. Furthermore, these metabolites can be more active or less pharmacologically active than their precursors. By use of hops as an example, the weakly estrogenic prenylated phenol IX ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) can be O-demethylated by intestinal microbiota to form the potent estrogen 8-PN.^[@ref62]^ This metabolic conversion by intestinal microbiota, observed in only one-third of tested individuals,^[@ref62]^ is similar to that catalyzed in the liver by human CYP1A2.^[@ref61]^ In the case of soy isoflavones, weakly estrogenic daidzein can be metabolized to the more potent estrogen equol by intestinal microbiota in approximately one-third of individuals consuming a Western diet and in two-thirds of people eating an Asian diet.^[@ref63]^ In contrast to the intestinal microbiome, human enzymes do not convert daidzein to equol.

The composition of the intestinal microbiome is not static and can be altered by diet and by the consumption of probiotics. The regular consumption of botanical dietary supplements can also alter the composition of intestinal microbiota. For example, supplementation with *Echinacea purpurea* was found to increase total aerobic but not anaerobic bacteria in the human gastrointestinal tract.^[@ref64]^ The role of intestinal microbiota in the metabolism of natural products contained in botanical dietary supplements is a relatively new area of investigation, but important contributions have already been documented that indicate potential for large interindividual variations.

Reactive metabolites can covalently modify DNA and proteins and are a potential cause of toxicity, especially hepatotoxicity. To overcome the problem that electrophilic metabolites are short-lived and cannot usually be isolated for spectroscopic characterization, reactive drug metabolites can be generated in vitro using microsomal cytochrome P450 enzymes and the cofactor NADPH, trapped immediately as conjugates with the biological nucleophile glutathione or *N*-acetylcysteine, and then detected and characterized using LC--MS/MS.^[@ref65]^ This approach has been developed into a screening assay suitable for extracts of botanical dietary supplements^[@ref66]^ and has been applied to a variety of botanical dietary supplements including sassafras,^[@ref67]^ kava (*Piper methysticum* Forst.),^[@ref68]^ and black cohosh (*Actea racemosa*).^[@ref52]^ For example, glabridin (a natural product constituent of licorice, *Glycyrrhiza glabra*) can be oxidized by CYP3A4 to form an electrophilic quinone methide and trapped as isomeric glutathione conjugates ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).^[@ref69]^

![UHPLC--MS/MS detection of glutathione conjugates of oxidized glabridin from licorice (*G. glabra*) formed during incubation with human liver microsomes, NADPH, and glutathione. Two glutathione conjugates (∗) were formed by nucleophilic addition of glutathione from above or below the plane of the ring system and then detected selectively using UHPLC combined with positive ion electrospray tandem mass spectrometry with constant neutral loss scanning for the characteristic glutathione fragment ion of \[MH -- 129\]^+^. (From ref ([@ref69]).)](jm-2015-00417j_0007){#fig7}

A significant challenge to carrying out absorption, metabolism, and bioavailability studies of botanical dietary supplements is evaluating these products as complex mixtures. Although specific natural products can be isolated and then evaluated like a drug candidate, this approach misses possible interactions such as synergism between constituents. Therefore, whenever possible, investigations of the absorption, metabolism, and bioavailability of compounds in botanical dietary supplements should be carried out using mixtures of constituents as they are actually used by consumers. The approaches and assays describe above such as the Caco-2 cell monolayer model of intestinal permeability and UHPLC--MS/MS assay for metabolic activation are entirely suitable for mixture analysis. In vivo metabolism studies may also utilize complex botanical products. Although most in vitro approaches to investigate enzymatic transformation such as hepatocytes and recombinant enzymes are more compatible with isolated natural products, preclinical studies of inhibition and induction of drug metabolizing enzymes may be carried out using mixtures as described in the next section.

Step 6. Preclinical Assays of Inhibition and Induction of Drug Metabolizing Enzymes and Transporters {#sec1.6}
====================================================================================================

Because the safe and effective uses of most therapeutic agents depend on predictable rates and routes of absorption, metabolism, and excretion, consumption of botanical dietary supplements that interfere with any of these processes (drug--botanical interactions) can have harmful consequences. To determine whether natural products contained in botanical dietary supplements inhibit specific cytochromes P450, assays have been developed utilizing human hepatocytes, human liver microsomes, and recombinant enzymes. This approach is similar to that recommended by the FDA for the investigation of cytochrome P450 enzyme inhibition by drugs^[@ref70]^ and includes determination of the effects of the test agent (here a botanical dietary supplement instead of a drug) on the rates of metabolism of probe substrates by CYP1A2, CYP3A4/5, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP2D6. Probe substrates recommended by the FDA are incubated with the appropriate enzyme(s) and their rates of metabolism are measured with and without each test agent. Examples of probe substrates for each enzyme include the following: CYP1A2 (phenacetin), CYP2B6 (buprion), CYP2C8 (amodiaquine), CYP2C9 (tolbutamide), CYP2C19 (mephenytoin), CYP2D6 (dextromethorphan), and CYP3A4 (midazolam).

When inhibition of specific cytochrome P450 enzymes by a botanical dietary supplement extract is identified, the inhibition constants can then be determined using recombinant enzymes. Additional studies using approaches such as bioassay-guided fractionation can be carried out to identify the responsible natural products within an inhibitory extract. Analogous assays using probe substrates and microsomes, recombinant enzymes, or hepatocytes can be used to determine if botanical extracts inhibit phase II enzymes such as UDP-glucuronosyltransferases and sulfases.

For example, probe substrates with human liver microsomes and recombinant enzymes were used to determine that hop (*Humulus lupulus*) dietary supplements can inhibit the drug metabolizing enzymes CYP1A2, CYP2C8, CYP2C9, and CYP2C19.^[@ref71]^ In another example, *trans*-resveratrol was found to be a weak inhibitor of CYP3A4 and CYP2C19.^[@ref72]^ Finally, eight triterpene glycosides of black cohosh were identified as competitive CYP3A4 inhibitors with IC~50~ values ranging from 2.3 to 5.1 μM, while the black cohosh alkaloids protopine and allocryptopine were identified as competitive CYP2D6 inhibitors with *K*~i~ values of 78 and 122 nM, respectively.^[@ref73]^

Many reports of drug--botanical interactions are based on in vitro assays alone without considering bioavailability and clinical significance. As a result, in vitro drug metabolism inhibition data sometimes correlate poorly with human clinical trial data of drug--botanical interactions. This incongruity is primarily caused by poor bioavailability of many of the natural products contained in botanical dietary supplements. Therefore, it is critically important that cell-based (Caco-2 and hepatocyte) and/or animal bioavailability studies ([step 5](#sec1.5){ref-type="other"}) be carried out to complement these enzyme assays prior to embarking on expensive clinical trials. For example, ginseng (*Panax ginseng*) was predicted using in vitro assays with recombinant enzymes to inhibit CYP3A4, CYP2C9, CYP2C19, CYP2D6^[@ref74]^ whereas clinical studies with ginseng showed no drug--botanical interactions.^[@ref75]^ In another example, a milk thistle extract containing flavolignans was reported to inhibit CYP3A4,^[@ref76]^ although a subsequent clinical trial of drug--botanical interactions found no such inhibition,^[@ref77]^ probably as a result of the low bioavailability of these compounds.^[@ref44],[@ref45]^

Induction of drug metabolizing enzymes by botanical dietary supplements has been investigated infrequently compared with enzyme inhibition but can also have significant consequences. To investigative possible induction of cytochromes P450 and phase II enzymes such as UDP-glucuronosyltransferases by drugs, the U.S. FDA recommends using primary human hepatocytes or attachable cryopreserved hepatocyte cultures from at least three donors and testing for up-regulation of enzyme mRNA.^[@ref78]^ This approach to predicting enzyme induction by drugs is also applicable to botanical dietary supplements. In the case of cytochromes P450, determination of induction of three major drug--metabolizing enzymes, CYP1A2, CYP2B6, and CYP3A4, are recommended. Note that CYP2C, CYP2B, and the drug transporter P-gp are typically co-induced with CYP3A. With respect to induction of phase II enzymes and drug transporters, human hepatocytes and similar mRNA approaches may be used.^[@ref79]−[@ref81]^

Although the U.S. FDA currently recommends mRNA measurements of enzyme expression, enzyme functional assays may be used instead to determine induction of drug metabolizing enzymes. Because mRNA might be induced while at the same time the corresponding enzymes might have limited functionality, both mRNA expression assays and functional enzyme assays should be carried out. Among possible causes of nonfunctional enzymes in these systems is mechanism-based irreversible inhibition by natural products, which would not be evident if mRNA alone is measured. As an example of a well-studied drug--botanical interaction, dietary supplements containing St. John's wort (*Hypericum perforatum*) have been shown in multiple preclinical studies, clinical case reports, and clinical studies to induce CYP3A4 and cause drugs that are CYP3A4 substrates to be metabolized faster than normal.^[@ref82],[@ref83]^

In addition to inhibition of drug metabolizing enzymes by botanical dietary supplements, there is also the potential for inhibition or induction of drug transporters. To determine if isolated natural products or extracts of botanical dietary supplements induce or inhibit intestinal transporters (P-gp, BCRP, OATP1B1, OAT1/OAT3, OCT2, etc.), the Caco-2 cell monolayer system may be used.^[@ref70]^ As with hepatocyte studies, mRNA and/or functional assays may be used to determine if transporters are up-regulated, down-regulated, or inhibited. Emerging approaches using HepaRG cells or transfected cell lines should also be considered as these technologies develop.

To complement these studies on the effects of botanical dietary supplements on drug metabolism and transport, the extent to which botanical natural products compete with drugs bound to serum proteins should be investigated. The displacement of drugs from serum proteins by tightly binding natural products can transiently increase the serum concentrations of therapeutic agents causing toxicity as well as increasing their rates of clearance. For this reason, botanical compounds that are found to be absorbed should also be tested for serum protein binding. Natural products contained within botanical dietary supplements that are determined to cause drug interactions should be identified and measured as part of the standardization process. Potential drug--botanical interactions could then be predicted and controlled through prudent use of the supplement. Alternatively, the problematic natural products could be removed (or at least minimized) from the botanical dietary supplement through processing (like decaffeination of coffee) or by substitution of cultivars and varieties of the botanical species that produce little of none of the interacting compounds.

Step 7. GMP Preparation of Standardized Formulation {#sec1.7}
===================================================

After standardization as described in [step 4](#sec1.4){ref-type="other"}, the production of botanical dietary supplements using GMP is an essential step in ensuring the safety and efficacy of these products. GMP preparation enhances the safety of consumers and human subjects in clinical trials by preventing contamination of the capsules/tablets by pharmaceutical compounds, microbes, pesticides, herbicides, heavy metals, and other foreign matter. To ensure the reproducibility of in vivo research using botanical dietary supplements, GMP should also be used for the preparation of dosage forms intended for use in preclinical animal studies as well as for clinical studies. Reproducibility of in vivo studies has been a major issue with early research in this field and can be enhanced by using GMP protocols such as authenticating the botanicals used in the formulation, by verifying that the capsules/tablets contain uniform dosages, by requiring uniform dissolution rates, and by ensuring that the material remains stable until and during use.

Analyses of botanical dietary supplements for heavy metals, pesticides, herbicides, and microbial contamination are routine and can be carried out by contract laboratories or by appropriately equipped analytical and microbiology laboratories. These approaches have been reviewed previously.^[@ref10]^ Briefly, metal analysis is typically carried out using inductively coupled plasma mass spectrometry or atomic absorption spectroscopy. Quantitative analyses of pesticide and herbicide residues are usually based on gas chromatography with flame ionization detection, electron capture detection, or mass spectrometric detection. Microbial content can be measured using established tests for food products, and mycotoxin content (toxic fungal secondary metabolites) can be measured using LC--MS/MS.^[@ref84]^

With final implementation of GMP requirements for botanical dietary supplements by the U.S. FDA in 2010,^[@ref11]^[step 7](#sec1.7){ref-type="other"} has become standard in this industry. To minimize the financial burden to small companies, GMP requirements were implemented in a staggered manner over a 3-year period beginning with large corporations and eventually encompassing small companies.^[@ref85]^ Enforcement of GMP requirements has been active, and reports of FDA warning letters are published online.^[@ref31]^

Step 8. Clinical Investigations {#sec1.8}
===============================

Although studies using in vitro and in vivo models as described above are necessary, the safety and efficacy of botanical dietary supplements must ultimately be determined in humans. As with drug trials, clinical trials of botanical dietary supplements may be carried out in a series of escalating phases, each of which involves larger populations of human subjects. Phase I clinical studies are short-term and involve small groups of subjects (usually \<20 per group) who are exposed to progressively larger doses of the botanical dietary supplement to determine a safe dosage range and to identify side effects. Phase II trials are safety and efficacy studies that include larger groups of human subjects (typically numbering in the hundreds) and are longer in duration. Phase III clinical trials involve much larger groups of subjects and are intended to confirm efficacy while monitoring side effects. Finally, phase IV studies are based on postmarketing surveillance of efficacy and safety that involve a broad range of human populations and, if applicable, long-term use of the product.

Types of phase I trials include determination of the maximum tolerated dosage, pharmacokinetics, and investigation of drug--botanical interactions. Maximum tolerated dosage and pharmacokinetics studies are often carried out together so that the effects of dosage on pharmacokinetics can be evaluated. During pharmacokinetics studies, serial blood draws are obtained for several hours following a single dosage of the botanical dietary supplement, and serum levels of active compounds, natural product metabolites, or marker natural products are measured (usually using LC--MS/MS). Then, pharmacokinetics parameters are calculated and include area under the concentration--time curve (AUC), the apparent volume of distribution (*V*~d~/*F*), the apparent clearance (CL/*F*), the peak serum concentration (*C*~max~), time to reach peak concentration (*T*~max~), the terminal elimination constant, and the elimination half-life (*T*~1/2~). These data help determine appropriate dosages and optimum intervals between doses, which are essential to ensure safety and efficacy.

As an example of a phase I escalating dosage and pharmacokinetics study, the UIC Botanical Center for Dietary Supplements Research evaluated an ethanolic extract of spent hops (*Humulus lupulus* hop cones that had been previously depleted of bitter acids and essential oils using supercritical fluid carbon dioxide) in a group of five postmenopausal women ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).^[@ref47]^ This study illustrates how multiple active compounds being administered as part of a botanical extract can be monitored simultaneously during a phase I clinical trial. In this case, UHPLC--MS/MS was used to measure all four compounds in each serum sample. By comparing these serum concentration--time curves with the levels of each compound in the original dosage, it was evident that interconversion of compounds occurred such as metabolic conversion of isoxanthohumol to 8-prenylnaringenin. Also, each compound showed long half-lives of ∼20 h that were facilitated, in part, by enterohepatic recirculation (based on the observation of secondary peaks occurring approximately 5--6 h after dose).

![Serum concentration--time curves of the four major prenylated hop phenols following oral administration of single doses of an extract of spent hops to five women. Reproduced with permission from Molecular Nutrition & Food Research (van BreemenR. B.; YuanY.; BanuvarS.; ShulmanL. P.; QiuX.; Ramos AlvarengaR. F.; ChenS.-N.; DietzB. M.; BoltonJ. L.; PauliG. F.; KrauseE.; VianaM.; NikolicD.Pharmacokinetics of Prenylated Hop Phenols in Women Following Oral Administration of a Standardized Extract of Hops), Vol. 58, pp 1962--1969.^[@ref47]^ Copyright 2014 John Wiley and Sons25045111.](jm-2015-00417j_0008){#fig8}

Another type of phase I clinical trial is designed to detect changes in pharmacokinetics of drugs resulting from drug--botanical interactions, and approaches are used that were originally developed for the clinical evaluation of drug--drug interactions.^[@ref70]^ These studies examine the how the pharmacokinetics of probe substrates for drug metabolizing cytochrome P450 enzymes or drug transporters might be altered in subjects consuming botanical dietary supplements. In the case of phase I metabolism, the following enzymes and probe substrates may be used (note that several acceptable probes are available for most of these enzymes): midazolam for CYP3A; theophylline for CYP1A2; bupropion for CYP2B6; repaglinide for CYP2C8; warfarin for CYP2C9; omeprazole for CYP2C19; and desipramine for CYP2D6.^[@ref70]^

In the case of drug transporter interactions with natural products/dietary supplements, drugs known to be substrates for particular transporters may be administered as probes along with the natural product test agent. Probe substrates are available for P-gp, OATP1B1, OATP1B3, OCT2, OAT1, OAT3, and BCPR. The selection of which enzymes and transporters to probe should be determined based on the preclinical evidence of drug--botanical interactions. The probe substrates may be administered to subjects individually or as cocktails.

Typical clinical protocols for testing drug--botanical interactions utilize 15--20 individuals per group. First, a pharmacokinetics baseline of elimination of each probe needs to be established. After oral administration of the probe(s) the first time, serial blood samples are obtained and probe concentrations are measured at each time point using LC--MS/MS. Pharmacokinetics modeling is used to determine the elimination half-life (*t*~1/2~) values and other pharmacokinetic parameters for each probe. Next, the test botanical dietary supplement is administered for approximately 2 weeks, and then the probe substrate(s) is readministered for another round of pharmacokinetics analysis. Differences in the pharmacokinetics before and after administration of the botanical dietary supplement indicate drug--botanical interactions. Examples of botanical dietary supplements that have been tested for drug--botanical interactions include *Citrus aurantium*, *Echinacea purpurea*, milk thistle, saw palmetto (*Serenoa repens*), and St. John's wort.^[@ref77]^

In addition to utilizing botanically authenticated, standardized, and GMP-produced botanical dietary supplements, phase II clinical trials of safety and efficacy require appropriate clinical design. The optimum experimental design of a phase II trial includes randomization of the subjects to different arms of the study, double-blinding so that neither the researchers nor the subjects know to which treatment group a subject belongs until the study is completed, placebo-control or a crossover design in which subjects serve as their own controls, and appropriate numbers of subjects to ensure that the results have statistical significance. In some studies, a positive control arm might also be helpful. Randomization helps avoid bias in the assignment of newly enrolled subjects to one arm of the study or to another, and double-blinding of the treatment groups helps prevent both investigator and subject bias during the study. Controls ensure that the outcomes of phase II studies may be attributed to the botanical dietary supplements and are not caused by placebo effects or unexpected external factors. Finally, the most common flaw of phase II clinical trials of botanical dietary supplements is insufficient power, meaning that there are too few subjects for the data to have statistical significance.

An example of a phase II clinical trial that included all of the design elements discussed above was carried out by the UIC Botanical Center for Dietary Supplements Research and concerned the efficacy and safety of black cohosh as well as red clover (*Trifolium pratense* L.) for the management of menopausal vasomotor symptoms.^[@ref41],[@ref86]^ The 12-month intervention enrolled 89 menopausal women. In addition to a placebo arm and two botanical dietary supplement arms, a positive control arm representing conventional hormone therapy (Prempro) was included in the study. After 12 months, women in each arm of the study were experiencing fewer vasomotor symptoms, including the placebo group, who reported over 60% reduction in hot flashes and night sweats ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Had a placebo arm not been included, the study might have suggested that red clover and black cohosh intervention had reduced vasomotor symptoms, when their effects were actually no different than placebo. No side effects were observed in women receiving either botanical dietary supplement, which is important because there had been some concern of possible liver damage by black cohosh or anticoagulant effects by red clover. The inclusion of a positive control was helpful to this otherwise negative trial, as the conventional hormone replacement arm showed that the study design could show a positive outcome ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

![Reduction of vasomotor symptoms including hot flashes and night sweats as the primary outcome of a 12-month randomized, placebo-controlled, double-blind phase II clinical trial of two botanical dietary supplements, black cohosh and red clover. The standard of care, opposed estrogen hormone therapy, was used as a positive control. Reproduced with permission from Menopause (GellerS. E.; ShulmanL. P.; van BreemenR. B.; BanuvarS.; ZhouY.; EpsteinG.; HedayatS.; NikolicD.; KrauseE. C.; PiersenC. E.; BoltonJ. L.; PauliG. F.; FarnsworthN. R.Safety and Efficacy of Black Cohosh and Red Clover for the Management of Vasomotor Symptoms: A Randomized Controlled Trial), Vol. 16, pp 1156--1166.^[@ref41]^ Copyright 2009 Wolters Kluwer Health, Inc.19609225](jm-2015-00417j_0009){#fig9}

Whereas all phases of clinical trials are required for drugs and botanical dietary supplements regulated as drugs, only phase IV safety monitoring is typically carried out for most marketed botanical dietary supplements. Because of safety concerns that emerge during phase IV surveillance, regulatory agencies have occasionally recalled specific products or banned all botanical dietary supplements containing specific botanical species. For example, the U.S. FDA banned all dietary supplements containing ephedra (*Ephedra sinica*) in 2004 based on fatalities in young adults and elevated risks of myocardial infarctions, cerebrovascular accidents, seizures, and serious psychiatric illnesses.^[@ref87]^

For botanical dietary supplements already on the market, it is unlikely that all will be evaluated using the stepwise protocol outlined in this review or that all will be tested using each phase of clinical trials. Clearly, producers of botanical dietary supplements intending to make therapeutic claims will need clinical evidence of both safety and efficacy and might be required by regulatory agencies to complete preclinical studies as well such as those outlined in this review. Even if not required, botanical dietary supplements that have been tested clinically for safety and, better still, those tested for both safety and efficacy are likely to enjoy marketing advantages over untested products. Therefore, the marketplace should provide incentives for producers to formulate botanical dietary supplements with well documented safety and defined efficacy.

Conclusions and Future Directions {#sec2}
=================================

As the worldwide use of botanical dietary supplements continues to grow, the need for scientific evaluation of the safety and efficacy of these products is becoming ever greater. The same rigorous preclinical and clinical approaches used to discover and develop drugs may be applied (with minor adjustments) to the investigation of botanical dietary supplements using a stepwise approach as outlined in this review. Among these steps, the requirement that GMP be used in the preparation of these products has contributed significantly to the safety of these products. However, additional steps such as chemical and biological standardization would help improve the reproducibility of botanical dietary supplement preparations, while additional ADME studies and clinical investigations of drug--botanical interactions would enhance our understanding of the safe use of these products. Gradually, basic science investigations of mechanisms of action and identification of active compounds will facilitate botanical dietary supplement standardization. Then, definitive clinical studies of efficacy and safety may be carried out that will establish the safe use, health benefits, and limitations of these products.
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:   absorption, distribution, metabolism, and excretion

CYP

:   cytochrome P450
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:   good manufacturing practice
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:   high performance liquid chromatography

IX
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MS
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NADPH
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:   National Center for Complementary and Integrative Health

P-gp
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PUF-MS

:   pulsed ultrafiltration liquid chromatography--mass spectrometry

6-PN

:   6-prenylnaringenin

8-PN

:   8-prenylnaringenin
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:   randomly amplified polymorphic DNA

SRM
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XN

:   xanthohumol
